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This research reviews the present development state of tilling tools, highlighting the researchers’ interest in the field 
of construction and functional performance improvement of these tools, as well as quality performance improvement and 
energy consumption reduction for tilling. The results obtained indicate that plane surface tools are optimum from the point 
of view of energy, but quality of work is inferior to that of work done with tools with various grinding angles. Cylindrical 
tools ensure maximum output of mechanical energy use, fact that leads to the conclusion that they are best both from an 
economic and a qualitative point of view. Finally, some recommendations are made regarding the optimization of 
geometric parameters of tilling tools, which may be useful in the designing stage, and some recommendations that allow 
reduction of energy consumption for soil tilling by means of effective exploitation of equipment. 
 






Tillage tools are used to apply energy to the 
soil to cause some desired effects such as cutting, 
breaking, inversion or movement of the soil. Tillage 
tools usually produce several effects simultaneously. 
In terms of mechanical manipulation of the soil, our 
goal is to design an optimum tool that will ensure an 
adequate quality of the soil, efficiency and economy 
of the tillage process [3, 4]. Mechanical soil 
preparation (tillage) is a process with high – energy 
consumption. The objective of mechanical 
manipulation of the soil destinated to agricultural 
production is to create soil conditions and favorable 
environment to crop growth by changing bulk 
density, soil – aggregate size distribution and other 
characteristics of the soil. The energy required to till 
the soil depends to a large extent on the physical 
properties of soil, operating conditions and the 
design parameters of the tillage tools [2]. 
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Reducing the energy to change the physical 
properties of the soil is an important consideration, 
since tillage tools consume a large portion of the 
energy required to produce the crop.  
Because of the large amount of energy 
involved in the process of soil cultivation, even 
small economy, which might be developed in this 
process, may have significant value. 
 
2. Developing a method of calculating the 
interaction forces tool - soil 
 
 2.1. Mathematical model 
 Considering of the process complexity of the 
tillage, for the modeling of mathematical relations of 
the resistance forces from soil it imposes the 
following simplifying assumptions: the soil furrow is 
divided in to elementary prisms of dxdydz 
dimensions (dz = a – working depth) by section of 
furrow with vertical planes (parallel and 
perpendicular to the direction of machine movement); 
the prisms are moving in the reverse direction of 
forward speed (with the speed vx = vm) and rotate in 
the transversal plane, being in contact with the tool 
surface, without breaking (fig. 1). 
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The tool is composed of many plane 
surfaces ABC (tangent to the tool surface – fig. 2). 
Each of these plane, tangent in an arbitrary choused  
point M(x, y, z) are characterized by the geometrical 
parameters of the tool , ,  (see table 1 for plane 
and cylindrical surface). 
 
 For the analytical calculation of the 
interaction forces it is consider the system of axes 
tMnp. Mt is the direction tangent to the trajectory of 
soil prism on the tool surface, Mn is the normal 
direction to the work surface and Mp is the 
perpendicular direction on the plane definite by the 
Mt and Mn.For determining the tool-soil interaction 
forces are defined the directions of the tMnp axes 
system in relation to the fixed system xOyz using the 
geometrical relations between angles (fig. 2).Tangent 
direction to the trajectory, Mt, it is definite by 
directional cosines of the tangent, by the derivation of 



















































Figure 2. Representation of forces and soil movement path over the tool surface. 
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represents the soil velocity components, developed by 
O. Callaghan [1]. The normal Direction (Mn) in an 
arbitrary point M (x, y, z) coincides with 
perpendicular to the plane surface (ABC) and forms 
the with the axes of  
 
the coordinate system (xOyz) the angles n, n şi n. 
directional cosines of the normal to the tool surface 
(Mn) can be defined from the equation of tangent 




















that, for   0  is equivalent to the expression 
 0tantantantan   dyzyx . (8) 
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 For determining the directional cosines of the 
Mp direction it is considered that it is perpendicular 
to the tangent direction (Mt) and the direction of the 
normal (Mn). Based on these considerations can use 
vectorial equations of the perpendicular to two 




























cos  , (14) 
resulting: 
 ntntp  coscoscoscoscos  , (15) 
 ntntp  coscoscoscoscos  , (16) 
 ntntp  coscoscoscoscos  . (17) 
 
 Relations (1), (2), (3), (9), (10), (11), (15), 
(16) and (17) allow for determining the projections of 
the tool - sol interaction force components on the 
system axis xOyz. The resultant of the tool - soil 
interaction force is obtained by summing all the 
components involved in the work process: the 
acceleration force of the soil FA, deformation force of 
soil prism by the flexural FI, soil adhesion forces at 
the tool surface A and cohesion C, the forces of 
friction between soil and steel Ff, the gravity force of 
soil G and the elastic deformation force of soil Q (fig. 
3). Components A, C, Ff and FI be acting in the 
direction tangent to the soil trajectory ang soil weight 
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Figure 3. The components of interaction forces - tools - soil. 
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For determining the normal component of the 
resultant forces of tool - soil interaction Fn using the 
equilibrium equations of the system of forces after 
the direction normal Mn; and to determine the 
perpendicular component Mp and the tangential 
component Mt of the system of forces, the equations:
 
 0  =  F  -  F  +  G  - n Ann , (18) 
 0  =  G  -  C  -  A  -  F   -  dF pnp  , (19) 
 0  =  F+  G  -  F t  I tt  A . (20) 
 
Relations (15), (16) and (17) are true if we neglect the 
effect of the elastic forces of the soil Q. 
 
 The acceleration forces of the soil. 
  According to the above, the resultant of 
forces acceleration of the soil can be determined by 
the summation of all forces for accelerating of the 
elementary prisms of soil, that 
 ),,( zyxFF AA ,          (21) 
 where, FA(x, y, z) is the acceleration force of 
elementary prism of soil that has its center of gravity 
at arbitrary points, coordinates M (x, y, z) 
  The accelerating force of soil elementary 
prism of the mass m, is determined with relation: 
 ),,('),,( zyxvm = zyxFA  , (22) 
 where: 
dzdydx = mp  ,                              (23) 




xd=zyx v x ,                          (24) 




zd=zyx v z                            (26) 
 and absolute acceleration: 
  
                                             ),,('),,('),,('),,(' 222 zyxv+zyxv +zyxv =zyx v zyx .                           (27) 
 
The force of gravity of the soil. 
 Weight of elementary soil prism is defined 
by the relation: 
gdzdydx  =  zyxG ),,( ,                         (28) 
where, g = 9,81 m/s², represents the 
gravitational acceleration. 
 
The friction force tool-soil 
 The friction force tool - soil is determined by 
the normal force FN corresponding to the point M(x, 
y, z), and the coefficient of friction , using the 
equation: 
),,(),,(),,( zyxFzyxGzyxF Annn  ,          (29) 
 Thus, the amount of friction in the particular 
point M (x, y, z) is given by the expression: 
)],,(),,([),,( zyxFzyxGzyxF Annf   . (30) 
The force of adhesion of the soil on the 
surface of tool 
 The adhesion elementary force is determined 
by the coefficient of adhesion τa and the surface the 
contact dx·dy, with relation: 
               dydxzyxA a  ),,( .                      (31) 
 Because the adhesion force is tangent to the 
soil trajectory, the components its will be described 
by the expressions: 
       tax dydxA  cos ,                   (32) 
       tay dydxA  cos ,                   (33) 
       taz dydxA  cos .                   (34) 
The cohesive force of the soil. 
The cohesive elementary force is determined 
by the soil cohesion coefficient c with relation: 
      dydxzyxC c  ),,(                          (35) 
and its components in xOyz system, with 
expressions. 
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      tcx dydxC  cos ,                    (36) 
      tcy dydxA  cos ,                    (37) 
      tcz dydxA  cos .                    (38) 
The soil cutting resistance forces 
 For determining the effort required for 
cutting a soil furrow is considered that to soil 
resistance is due only of horizontally cutting the soil, 
at a depth equal to working depth. Is considered that 
resistant force to cutting T, is contained in the 
horizontal plane and is perpendicular to the edge 
cutter 
Quantitatively, the force T is determined by a 
relation of the form: 
               LkT t  ,                               (39) 
where:  
               - kt represents the linear specific resistance 
of soil cutting; 
 - L – length of the tool cutting edge. 
 From scheme of determining of the 
resistance forces to cutting of soil (Figure 4) we 
obtain the longitudinal and transversal components of 
the force of resistance to cutting of the soil according 
to the working width: 
            
tan1
bkTx                            (40) 





The calculation to resultant of soil- tool 
interaction forces. 
 The resultant of the forces of interaction tool 
- soil is determined by the vector sum of the force 
components: the cutting forces, the acceleration, the 
flexion, the weight, the forces of friction, adhesion 
and cohesion the soil: 

 CAFGFTF fA .            (42) 
It is noted that in the mathematical model 
presented in this chapter, we neglect the forces of 
elastic deformation the soil Q. 
 
2.2. PC program 
A PC program based on the previous 
mathematical model has been developed for soil 
tillage energy evaluation. In order to compile the 
program, the user has to know the following: initial 
soil parameters, geometrical parameters of tool 
surface and working parameters [3]. The parameters 
are listed in tables 1, 2 and 3. 
The program contains:  
- Equation for the calculation of the (x, y, z) 
coordinates of a number of (m·n) arbitrary 
points M, obtained by the intersections of 
vertical planes, parallel to the direction of travel 
(m) and transversal planes (n) to the furrow. The 
variables m and n are imposed by the user; 
- Calculation of geometrical parameters ,  and 
 in accord with each plane surfaces ABC; 
- Calculation of soil travel speed components (vx, 
vy and vz) and elementary displacements of soil 
particles (dx, dy and dz) using the relations (4, 
5, and 6); 
- Calculation the forces of soil – tool interaction 
(eq. 42); 
- Calculation the directional cosine of normal and 
tangent at soil particle path (eq. 1, 2, 3, 9, 10 
and– 11) and directional cosine of soil – tool 
interaction projection forces upon the axes of 
xOyz coordinate system; 
 
3. Experimental research on determining the 
interaction forces tool - soil 
 
3.1. Research methodology 
For the validation the mathematical model 
developed in Chapter 2 were tested two types of tools 









Figure 4. The scheme of determining the resistance forces for the soil cutting. 











Surface equation:        ,cossin   tg      x  +   tg     y   =z    -  h   
where:          tg       =    tg sin  







 Surface height h, [mm] 100 
Horizontal tool angle , [0] 45 








Surface equation:     0  =    x    
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where:        00     tg  h  =  p sin , 
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 Surface height h, [mm] 100 
Horizontal tool angle 0, [0] 45 
Angle between tool and horizontal plane 0, [0] 30 
 
The investigations were made in the two types 
of soil are characterized by physical and mechanical 
parameters, shown in table 2.  
During the test of tools have been respected 
operating parameters described in the table 3. 
 
 
Table 2. Soil initial parameters 
Soil tipe Type 1 Type 2 
Soil Texture 44.6% clay 19.2% clay 
Moisture w, [%] 14.67 11.98 
Density a , [t/m3] 1.75 1.85 
Friction coefficient,  0.428 0.372 
Internal friction coefficient, i 0.418 0.398 
Adhesion coefficient a [kN/m2] 3.90 3.04 
Cohesion coefficient c, [kN/m2] 47.84 39.62 
 
 
 Table 3.Working parameters 
Speed vm, [m/s] 2 
Working depth a, [cm] 15 




For measuring the resistance forces to soil 
tillage was used the measuring system presented in 
fig. 5.  For  data  acquisition  is  used  an  DAQ  1200  
 
 
system  and  tensometric  traductors, that are 
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components  of soil resistance forces Fx, Fy şi Fz.For 
collecting and recording data has been developed 
ACHDATA program, using Labview software. The 
program provides the graphic representation of the 
variation components Fx, Fy and Fz and of values 
determined by calculating the resultant force F (fig. 
6). For the interpretation of the results the program 
determines the minimum, maximum and average and 





4. Results and Discussion 
 
Tests made according to the methodology 
described in Chapter 3 demonstrates the influence of  
 
 
of tools geometry on resistance forces of the soil 
tillage. 
   
Figure 6. Test 1_2: The testing of the plane tool in soil - Type 2 (19,2% clay). 
Figure 5. The system for measuring interaction forces - tool-soil 
269 
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In the table 4 shows the average values of 
components of the interaction forces - tool - soil (Fy - 
longitudinal, Fx - transverse and Fz - vertical) the 
experimentally determined and the analytical 
calculated accordance with the model developed in 
Chapter 2, for a working width b = 1m. Comparing 
the force component values of soil resistance the 
mechanical processing, using plane and cylindrical 
tools, it is found that the forces of  
 
 
interaction - tool - soil have minimum values when 
used the plane surface tools. One of the reasons of this 
aspect is that speed of movement of the soil is constant 
over the entire surface of tools, which means that the 
soil acceleration forces are zero. Given that the angles 
, that characterize the plane tools, it follows that the 
bending forces of the soil are minimal. These two 
findings justify that the comminuting degree the soil 
using plane tools is minimal. 
























Plane 3786.45 4206.85 9.98 3438.69 3865.62 11.03 
Cylindrical 5404.76 5971.77 9.49 5003.15 5587.28 10.45 
Fx 
Plane 874.50 1043.35 16.20 879.23 1066.87 17.52 
Cylindrical 1087.76 1322.73 17.77 1125.79 1346.23 16.36 
Fz 
Plane 588.45 685.72 14.16 635.19 735.18 13.60 
Cylindrical 820.36 937.64 12.48 914.63 1020.15 10.33 
F Plane 3930.42 4402.54 10.72 3604.35 4006.88 10.03 
Cylindrical 5602.93 6197.33 9.60 5208.74 5743.35 9.31 






Analyzing the components of interaction forces 
- tool - soil, it is found that when used the plane tools, 
the normal forces Fn and friction forces Ff are lower, 
which demonstrates an improvement in energy 





The results demonstrate that the theoretical 
values are lower than the measured values by about 
10%. These differences are caused by the forces of 
elastic and plastic deformation of the soil and the soil 
internal frictions have been neglected in the 
theoretical model described in this paper. In these 
conditions the proposed theoretical method can be 
used for comparative studies. 
 Researches made to determine the optimal 
geometry in terms reduction interaction forces - 
Tools - soil, demonstrates that plane tools are 
characterized by constant angles , ensures the work 
with minimal effort. The cylindrical tools 
characterized by variable angles  involves the 
resistance forces of processing the soil with 30-40% 
higher than with plane tools. The mathematical model 
can be developed to solve optimization problems of of 
the constructive and operational parameters of tools for 
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